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This  investigation  was  started  with  the  idea  that  the  paracrystalline  rat 
red  cell might  show  a  change in  its  specific heat  as it passes from its para- 
crystalline state into a  state characterized by more disorder, which it does re- 
versibly at temperatures in the neighborhood of 6°C.  (Ponder,  1945).  It was 
hoped  that  the  cooling  curve  would  show  discontinuities  corresponding  to 
changes of state,  and that similar discontinuities  might be found even in the 
case of other types of red cell (such as human red cells) which have not been 
shown by other methods to become paracrystalline. 
It may be said at the outset that the results of the investigation are negative 
so far as human and rat red cells, in saline or plasma, are concerned, but that 
there is evidence for a change in specific heat at the temperatures at which the 
rat  red  cell,  in  citrate,  becomes paracrystalline.  The  expectation  that  there 
would  be relatively sharp  discontinuities  in  the  cooling  curve has,  however, 
not been fulfilled; on the contrary, the evidence for the change in specific heat 
has been found only with difficulty, and takes an unexpected form. 
Methods 
Two water baths are arranged in a large electric refrigerator. The lower and larger 
contains about 60 litres of water, stirred by a circulating pump outside the refrigerator. 
It is allowed to reach a temperature of between 1 and 2°C., and thermostatic control 
is unnecessary. The upper water bath contains about 5 litres of water and is thermo- 
statically controlled at 12-14°C. 
The thermopile fits into a flat chamber of thin (0.5 ram.) copper which measures 
5 by 2.5 by 0.7 era. ~  The bottom of the chamber is rounded, and the dimensions of the 
chamber are such as allow of its being placed in a large centrifuge cup. Its volume is 
about 8 ml. The 5 copper-constantan thermocouples are mounted on a copper plate 
which lies in the central plane of the chamber when the thermopile is in position, the 
1  The  apparatus  was  made by Mr.  Paul  Cutajar  of  the  New  York  University 
Machine Shop. The details Of its construction, the technic of using it, and the arrange- 
ment of the water baths, etc., have been revised many times as a result of preliminary 
experiments. 
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junctions being insulated from  the plate. The plate projects downwards from  the 
tightly fitting lid of the chamber (Fig. 1), and the leads go up the stem, which is made 
of a poorly conducting material, to a stopper on the upper surface of which they are 
spread to form the 4 cold junctions. The two end leads of the thermopile are connected 
to binding posts. 
The stopper of the thermopile fits into the neck of a large copper container 16 cm. 
high and 10 cm. in diameter. The length of the thermopile stem is such that, when the 
thermopile is in position with  the lid closing the top of the chamber,  the chamber 
.& 
FIO.  1.  Diagram of the thermopile and its container. A, the large container. B, 
the chamber.  C,  the thermopile junctions mounted on  the central plate; the wires 
which run up  the stem S  to the cold junctions EE are not shown. D,  the stopper 
fitting into the neck of the container and sealed with the rubber connection G. FF, 
binding posts. C', the chamber in cross-section. 
hangs in the middle of the large container and the stopper closes the neck of the latter. 
The joint between the stopper and  the neck of the container is sealed, at the last 
moment, with a band of Gooch filter tubing. 
The  galvanometer system  consists of a  galvanometer  (Rubicon  Co.,  sensitivity 
49 gv./mm.) with a resistance in series and a shunt in parallel. The relation between 
the galvanometer response and the temperature difference between the hot and cold 
junctions is determined by calibration. One can satisfy oneself that the apparatus is 
reliable by determining the specific heats of such substances as glycerol. 
The chamber is filled with water or with Hb solutions when  the specific heat of 
these is to be measured. When the experiment is one for determining the specific heat 
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transferred to the chamber which is centrifuged to remove air bubbles. In the case of 
the paracrystalline rat red cell, this transfer is difficult, and is best accomplished by 
transferring small masses at a  time and centrifuging the chamber between transfers. 
The thermopile is placed in the chamber, displacing some of the contents, and the lid 
is pressed into place so that it fits tightly. There must be no leakage from this time on. 
The chamber is placed in the upper water bath for about half an hour. At the same 
time, the container is placed in the cold water bath, but not deeply enough to wet the 
upper surface or the neck. The band of Gooch filter tubing should be round the neck, 
rolled back on itself so that it can be quickly rolled up when the stopper of the thermo- 
pile is inserted. The galvanometer, the zero of which should be at the extreme left- 
hand side of the scale, is shunted. At the end of half an hour or so, the chamber is 
removed from the upper water bath and its outside is dried; without delay, it is placed 
in the container, the junction between its stopper and the neck of the container is 
sealed by rolling the band of Gooch filter tubing upwards, and the container is pushed 
deeply into the cold water. 
The shunt and resistance of the galvanometer circuit are now set at values which 
have been found by previous experience; the galvanometer should  then  deflect to 
more than full scale within a  minute or two.  2 There is always some creep during 
the first few minutes, but after this the deflections decrease regularly as heat is lost 
from the chamber to the cold container. Readings are taken every minute for 40 to 60 
minutes, and are plotted against time on semilog paper. 
If S is the temperature of the chamber and its contents and 01 is the temperature 
of  the  water bath  in which the container is  immersed,  the heat passing from  the 
chamber to the bath is .4 (0  -  e~) in unit time, in which .4  is a constant which de- 
pends on the construction of the apparatus. This heat is also equal to (Ca +  Cb) ds/d¢, 
in which Ca is the thermal capacity of the contents of the chamber and Cb that of the 
chamber itself. Hence 
(¢o +  c~)~0/~  =,  A(o -  00. 
c~ is calculated from the mass of the chamber and the specific heat of copper and a 
set of auxiliary observations with water in the chamber determines A. The solution of 
the  differential equation  is 
0  -  01  m  Ke--xt 
in which x  = A/(Co +  C~). Once A andCb are known, the specific heat of the contents 
of the chamber is easily calculated from the slope of the straight line obtained on 
semllog paper. The density of packed red cells is taken as 1.1. 
By adjusting the large water bath to about 12°C. and cooling the chamber with its 
contents to about 1°C.  in a small bath of melting ice, the chamber and its contents 
The advantage of this is that the changes in the galvanometer readings which go 
on during  the first few minutes, during which  the cold junctions are reaching the 
temperature of the large water bath, all take place off-scale, so that when the spot of 
light passes the upper end of the scale (at zero time), the cooling curve has entered on 
its smooth course. This makes all the cooling curves begin at 100 scale divisions at 
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can be made to gain heat from the container instead of losing it. The results of experi- 
meats done in this direction of heat gain ought to confirm those done in the direction 
of heat loss, which they do. It is convenient to reverse the connections of the galva- 
nometer in these experiments, so that the movement of the galvanometer during the 
gain in heat is in the same direction as it is during the heat loss. 
RESULTS 
The reliability of the method can be tested by making a large number (15) 
of determinations with water in the chamber, and evaluating A for each. Con- 
sidering experiments in both directions (chamber losing heat and chamber gain- 
ing heat), the coefficient of variation of A  is -4-1.5 per cent, and  -4-3 per cent 
covers the most extreme values.  This means that the specific heat  of water 
can  be found with  a  standard  deviation of -4-0.02, and that even the most 
extreme deviations are covered by an experimental error of -4-0.04. 
When  the  temperature difference between the  chamber with  its  contents 
and the container is less than about 3°C.,  i.e.  when the temperature of the 
chamber and its contents is about 5°C., there is a systematic departure of the 
experimental points from the  straight  line,  e.g.  when the  chamber contains 
water (Fig. 2, curve 1) and when a temperature difference of 1.2°C. would be 
expected on the basis of the linear relation found for greater temperature dif- 
ferences, the experimental temperature difference is about 0.12°C.  too large. 
This systematic departure is of the same magnitude for water, 33 per cent Hb 
solutions, and packed human red cells.  It is an instrumental effect, probably 
due to the way in which the thermopile chamber is constructed, and it will be 
referred to as the "thermal lag effect." An "apparent" value of A  can be found 
by drawing a  tangent to the curve where the temperature difference is about 
1.5°C. 
Calculating the specific heats from the long linear portion of the curve ob- 
tained in heat loss experiments (Fig. 2, curve 1), the following average values 
are obtained: water, 1.0, 33 per cent Hb solution, 0.85 (5 experiments), packed 
human red cells,  0.86 (6 experiments), and packed rat red cells in saline, 0.87 
(4 experiments). The standard deviation in each case is substantially that for 
water; i.e., about ±0.02.  8 
The values for specific heat obtained from heat loss and heat gain experiments 
have been equal, in these experiments, for human red cells, rat red cells in plasma, and 
hemolyzed red cells. There are a  number of minor effects  (e.g.,  metabolic effects) 
which might make the heat loss and heat gain values differ slightly, but such differ- 
ences have not been noticed. They have not been looked for systematically, however, 
because it takes at least a day to convert the large water bath from a  "warm" bath 
to a "cold" one, by which time the sample of cells has deteriorated. Small differences 
between heat loss and heat gain values would have to be established  statistically in a 
larger number of experiments  than have been done here. E~C  PO~rDER  511 
A  different result,  however, is obtained when the rat red cells are kept at 
4°C. in sodium citrate for several days, conditions under which they become 
paracrystaUine.  In experiments in which  the  chamber and its contents  gain 
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FIG. 2. Ordinate, temperature difference between the thermopile chamber and the 
outside water bath as it appears when plotted on semilog paper; abscissa,  time in 
minutes. Curve 1, water in the direction of heat loss from the chamber. Curve 2, para- 
crystalline rat red cells in the direction of heat loss. Curve 3, water in the direction 
of heat gain by the chamber. Curve 4, paracrystalline rat red cells in the direction of 
heat gain. For further explanation see text. The zeros of curves 2, 3, and 4 have been 
moved to the right  10,  20,  and 30  minutes respectively for the purpose of clearer 
illustration. 
of the chamber, filled with the packed cells,  is about I°C. The temperature of 
the large water bath is about 12-14°C. The upper part of the logarithmically 
plotted cooling curve is linear down to a point at which the temperature of the 
cells is about 6°C.,  (Fig. 2, curve 4), and the slope gives a specific heat of 0.74 
with a  standard deviation of ~0.022  (6 experiments). Below the point corre- 
sponding  to  about  6°C.,  the  slope  of  the  line  through  the  logarithmically 
plotted points decreases to give a mean specific heat of 0.82 over a  tempera- 512  SPECIFIC  HEAT  OF  RED  CELLS 
ture range between about 6°C. and ll°C. This is about the same value as is 
found for rat red cells which are not paracrystalline. The change in slope  at 
about 6°C. is definite but not sharp; this is probably due to the change in spe- 
cific heat occurring in some cells before it occurs in others.  4 
In experiments in which heat is lost from the chamber and its contents, the 
linear  portion  of  the  logarithmically plotted  cooling  curve  gives  a  specific 
heat of 0.87 ±  0.021 for the rat red cells which have been kept in cold citrate 
(Fig. 2, curve 2). The temperature of the cells,  in this type of experiment, is 
about  15°C.  to begin with, and they are certainly not paracrystalline at this 
temperature.  As temperatures in  the neighborhood of 6°C.  are reached,  the 
cells may be expected to have passed towards the paracrystalline state, and 
their lessened specific heat is shown by a  reduction in the magnitude of the 
thermal lag effect (the former producing an increased steepness of the curve 
which offsets the decreased steepness associated with the latter). To reduce the 
thermal lag effect to the extent seen by comparing curves 1 and 2 of Fig. 2, 
the specific heat would have to fall from 0.87 to about 0.72, which is the value 
found from the upper part of the cooling curve in heat gain experiments. The 
reduction in the size of the thermal lag effect, small though it may appear to be, 
is consistent and striking as it makes its appearance'in the course of an experi- 
ment. 
S~RY 
The specific heat of the rat red cell, kept in cold sodium citrate, changes in 
the neighborhood of 6°C., the temperature near which the cell passes from its 
paracrystalline state to a  state of greater disorder. The change in the specific 
heat is from 0.74 with a  standard deviation of ±0.022 (paracrystalline state) 
to 0.87 with a standard deviation of ±0.021 (normal state). 
Although it has been looked for, no evidence of a change in specific heat has 
been found, between I°C. and 15°C., in the case of the human red cell or of 
the fresh rat red cell in saline or plasma. 
My thanks are due to Dr. Richard T. Cox, who suggested the method and who has 
made many helpful suggestions regarding it. I wish also to thank Dr. Vincent Dole for 
the interest which he has taken in the problem, as well as for reading and criticizing a 
draft of the manuscript. 
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